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A Decade of Discovery Past . ..

EW theory — law of nature [Z, eTe™, pp, VN, (g — 2)p, -]
Higgs-boson influence in the vacuum [EW experiments]

v oscillations: v, — v, Ve — 1, /Vr [Vo, Vatm, reactors]
Understanding QCD [heavy flavor, Z°, pp, vN, ep, ions, lattice]
Discovery of top quark [pp]

Direct CP violation in K — 7 [fixed-target]

B-meson decays violate CP [eTe™ — BB]

Flat universe: dark matter, energy [SN la, CMB, LSS]

Detection of v, interactions [fixed-target]

Quarks, leptons structureless at 1 TeV scale [mostly colliders]
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Tevatron Collider is breaking new ground in sensitivity

s
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Weekly Integrated Luminosity (pb™)
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Tevatron Collider in a Nutshell

980-GeV protons, antiprotons (27 km)
frequency of revolution ~ 45000 s~
392 ns between crossings
(36 ® 36 bunches)
collision rate = L - Gjpefastic ~ 107 s71

c ~ 10° km/h; v, &~ ¢ — 495 km/h

Record Linit = 2.85 x 1032 cm2 57!
[CERN ISR: pp, 1.4 x 1032 cm~2 s7]

Goal: ~ 8 fb~! by 10.2009
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The World's Most Powerful Microscopes

nanonanophysics

Et 5 406.53 Ge\.

CDF dijet event (1/s = 1.96 TeV): Er = 1.364 TeV
qq — jet + jet

Chris Quigg (Fermilab) v School - July 2007 7 /197



LHC will operate soon, breaking new ground in E & L
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LHC in a nutshell

7-TeV protons on protons (27 km); v, ~ ¢ — 10 km/h
Novel two-in-one dipoles (= 9 teslas)

First collisions at E.,, = 14 TeV: May 2008
First physics run! Goal of 21 fb™! by end 2008

Eventual: £210%* cm=2s1: 100 fb~! /year
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Why the LHC is so exciting (1)

e Even low luminosity opens vast new realm:
10 pb™* (few days at initial L) yields
8000 top quarks, 10° W-bosons,
100 QCD dijets beyond Tevatron kinematic limit
Supersymmetry hints recorded in a few weeks ?

o Essential first step: rediscover the standard model

o The antithesis of a one-experiment machine;
enormous scope and versatility beyond high-p |

o L upgrade extends <10-year program ...
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The importance of the 1-TeV scale

EW theory does not predict Higgs-boson mass

o> Conditional upper bound from Unitarity
Compute amplitudes M for gauge boson scattering at high energies, make
a partial-wave decomposition

M(s, t) = 167 Z(QJ + 1)ay(s)Py(cos )
J

Most channels decouple — pw amplitudes are small at all energies (except
very near the particle poles, or at exponentially large energies) — VMy.

Four interesting channels:
wWiw; z°ZP/v2 HH/V2 HZP
L: longitudinal, 1/+/2 for identical particles
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In HE limit,! s-wave amplitudes oc GgM?,

1 1/V/8 1/vV8 0

i (o) —CFM | 1VE e 14 0

oM 42 1/V8 1/4 3/4 0
0 0 0 1/2

Require that largest eigenvalue respect pw unitarity condition |ag| < 1

1/2
e My < (8“/5) =1 TeV/c?

3GF

condition for perturbative unitarity

!Convenient to calculate using Goldstone-boson equivalence theorem, which reduces
dynamics of longitudinally polarized gauge bosons to scalar field theory with interaction
Lagrangian given by Line = —Avh(2ww™ + 22 + h?) — (\/4) (2w w™ + 2> + h?)?, with
1/v? = Gev2 and A\ = GEME /V/2.



o If the bound is respected

» weak interactions remain weak at all energies
» perturbation theory is everywhere reliable

@ If the bound is violated

» perturbation theory breaks down
» weak interactions among W=, Z, H become strong on 1-TeV scale

= features of strong interactions at GeV energies will characterize
electroweak gauge boson interactions at TeV energies

New phenomena are to be found in the EW interactions at
energies not much larger than 1 TeV
Threshold behavior of the pw amplitudes a;; follows from chiral symmetry

ao ~  Grs/8m\/2  attractive
ann~ Grs/487V/2  attractive
ax ~ —Gps/167r\/§ repulsive
Lee, Quigg, Thacker, Phys. Rev. D16, 1519 (1977)



What the LHC is not really for ...
o Find the Higgs boson,
the Holy Grail of particle physics,
the source of all mass in the Universe.

o Celebrate.

o Then particle physics will be over.

We are not ticking off items on a shopping list . . .

We are exploring a vast new terrain
...and reaching the Fermi scale
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The Origins of Mass

(masses of nuclei “understood”)

p,[7],p  understood: QCD
confinement energy is the source
“Mass without mass” Wilczek, Phys. Today (November 1999)

We understand the visible mass of the Universe
.. without the Higgs mechanism

W,z eIectroweak symmetry breaking
M, = L1g?v? = ma/GeV/2sin? Oy
M2 = I\/I 2/ /cos? Oy
g, (T EWSB + Yukawa couplings
vy EWSB + Yukawa couplings; new physics?
All fermion masses < physics beyond standard model

H 77?7 fifth force 77



Challenge: Understanding the Everyday

o Why are there atoms?

o Why chemistry?

o Why stable structures?

o What makes life possible?

What would the world be like, without a (Higgs)
mechanism to hide electroweak symmetry and give
masses to the quarks and leptons?
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Searching for the mechanism of electroweak
symmetry breaking, we seek to understand

why the world is the way it is.

This is one of the deepest questions humans
have ever pursued, and

it is coming within the reach of particle physics.
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Our picture of matter

Pointlike constituents (r < 107 m)

(4), (). (),
(=), Ge) (%),

Few fundamental forces, derived from gauge symmetries
SU(3). ® SU(2)L ® U(1),,

Electroweak symmetry breaking: Higgs mechanism?
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Formulate electroweak theory

Three crucial clues from experiment:

@ Left-handed weak-isospin doublets,
(), O (7)
€ /L K/ )L
(o), (), (6)
d’ . s’ L b’ L

@ Universal strength of the (charged-current) weak interactions;

@ Idealization that neutrinos are massless.

First two clues suggest SU(2), gauge symmetry
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Parity violation in weak decays

1956 Wu et al.: correlation between spin vector Jof polarized ®°Co and
direction p. of outgoing 3 particle

Parity leaves spin (axial vector) unchanged
Parity reverses electron direction

Correlation J - De is parity violating

Late 1950s: (charged-current) weak interactions are left-handed

Parity links left-handed, right-handed v,
<= <=
vy, — ’]D — XR
= build a manifestly parity-violating theory with only v;.
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Pauli's Reaction to the Downfall of Parity
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Pauli's Reaction to the Downfall of Parity

Es ist uns eine traurige Pflicht, It is our sad duty to announce
bekannt zu geben, dalB unsere that our loyal friend of many years
langjahrige ewige Freundin PARITY

PARITY

went peacefully to her eternal rest
den 19. Januar 1957 nach kurzen | on the nineteenth of January

Leiden bei weiteren 1957, after a short period of
experimentellen Eingriffen sanfte suffering in the face of further
entschlafen ist. experimental interventions.
Fiir die hinterbliebenen For those who survive her,
e U v e p v
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How do we know v is left-handed?
> Measure " helicity in (spin-zero) 7t — ptu,

= = 4
Vy «— 1%

h(v,) = h(p™)| Bardon, PRL 7, 23 (1961); Possoz, PL 70B, 265 (1977)

ut forced to have “wrong” helicity

... inhibits decay, and inhibits 7 — e v, more
Mt — etve)/T(nt — pty,) =123 x107*

> Longitudinal pol. of recoil nucleus in u=12C(J =0) — ?B(J = 1)y,

Infer h(1,) by angular momentum conservation

Roesch, Am. J. Phys. 50, 931 (1981)
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> Measure longitudinal polarization of recoil nucleus in

e” 2EuM(U=0) — 2Sm*(U=1)r.

o 152Sm

‘ Infer h(ve) from ~ polarization‘

Goldhaber, Phys. Rev. 109, 1015 (1958)
> Variety of determinations in 7 — 7., T — pv,, etc.

e.g., Abe, et al. (SLD), Phys. Rev. Lett. 78, 4691 (1997)
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Charge conjugation is also violated . ..

= =
vp — C —>><L

ut decay: angular distributions of et reversed

dN(pu* — et +...) 5 (2x —1)
—x*(3-2x) |1+ 2"~
dxdz (3-29 2(3 — 2x)
X = pe/pe™, Z =5, Pe
et follows pt spin e~ avoids ;= spin
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Consequences for neutrino factory

'u"' — et DUyle
d?Nj;
dxdz

=x*[3-2x)— (1 —2xX)z], x=p,/p0™, z=p, "3,

v

ut — e+ﬂulle

d2N,,

= 61— x)(1 - 2)]

dxdz

0 0.2 04 06 08 10

Neutrinos in Electroweak Theory




Effective Lagrangian ...
Late 1950s: current-current interaction
—GF
Lvopg=——0v,(1—75)eey"(1l —~5)rv+ h.c.
veA= 5 Yu(l —v5)e 8y (1 —7s5)

Gr = 1.16632 x 1075 GeV 2
Compute e scattering amplitude:

€in : P1
€out - P2
9*
Vout - 42
Vin * q1
iGF _
M = ——v(v, 1—5)u(e,
\/5( q1)7.(1 —7s)u(e, p1)

- (e, p2 )y (1 — 5)v(v; q2)
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doy_a(ve —1ve)  |M[> G2 2mE,(1 - z)?

d9em T b4n2s 1672 z = cost
2.2mE,
3
E,
~ 0574 x 107 cm? | —2—
% om 1 GeV
Small! =~ 107* o(pp) at 100 GeV
ve — ve
doy_a(ve — ve) G,?— -2mE,
dQem a 472
G# - 2mE,
ov_alve —ve) = —F v
T
E,
~ 1.72x107H cm? -
X om 1 GeV
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Why 3x difference?

incoming L J.,=0 outgoing, z = +1 " J, =0

v v

‘allowed at all angles‘

e [

r I
incoming " J,=+1 outgoing, z = +1 v J,=-1

NI
ANl

‘forbidden (angular momentum) at z = +1 ‘
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1962: Lederman, Schwartz, Steinberger v,, # ve
> Make HE m — pv beam
> Observe vN — p + anything
> Don't observe vN — e + anything

Danby, et al., Phys. Rev. Lett. 9, 36 (1962)

Suggests family structure

(), (),

~ no interactions known to cross boundaries
Generalize effective (current-current) Lagrangian:

-G B B
£, = T;V/ﬁﬂ(l —ys5)u &y (1 —y5)ve + hoc.

Compute muon decay rate
2.5
Ggm;,
19273
accounts for the 2.2-us muon lifetime
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Cross section for inverse muon decay

2
o(vue — pve) = ov_a(vee — vee) [1 —( i - mg)/QmEE,,]

agrees with CHARM |II, CCFR data (E, <600 GeV)

‘PW unitarity: |My| < 1‘

2 _ .2
V — A theory: Mg = Gr - 2meE, [1 - M]

7T\/§ 2m.E,
satisfies pw unitarity for

E, < 7m/GEmeV/2 =~ 3.7 x 10% GeV

‘:> V' — A theory cannot be complete‘

Physics must change below /s ~ 600 GeV



2000: DONuT Three-Neutrino Experiment

> Prompt (beam-dump) v; beam produced in
Dy — 7tu;
L x+5.
> Observe v, N — 7 + anything in emulsion; 7 lifetime is 0.3 ps

v
l Event 3024-30175

20000
15000

10000

10000
5000 11000
12000

410004200043000
4400045400
46000

Candidate event in ECC1. The three tracks with full emulsion
data are shown. The red track shows a 100 mrad kink 4.5mm
from the interaction vertex. The scale units are microns.

Kodama, et al., Phys. Lett. B504, 218 (2001)
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Leptons are seen as free particles

Table: Some properties of the leptons.

Lepton Mass Lifetime
Ve <2eV
e” 0.510998918(44) MeV > 4.6 x 10%° y (90% CL)
Vi < 0.19 MeV (90% CL)
W 105.658 3692(94) MeV ~ 2.19703(4) x 10~ % s
vr < 18.2 MeV (95% CL)
T 1776.90 + 0.20 MeV 200.6 +1.0 x 107 s

All spin-1, pointlike (< few x 10717 cm)

kinematically determined v masses consistent with 0
(v oscillations = nonzero, unequal masses)
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Universal weak couplings: Rough and ready test

Fermi constant from muon decay

192735
Gu:[ T

5
Tym

1
2
] =1.1638 x 107° GeV 2
12

Meticulous analysis yields G, = 1.16637(1) x 107> GeV 2

Fermi constant from tau decay

c _ [F(T — ebevy) 19273R

1
2

o all) ot ] =1.1642 x 107> GeV 2
— rm32

Excellent agreement with Gz = 1.16639(2) x 10~° GeV 2

Charged currents acting in leptonic and semileptonic interactions are of

universal strength; = universality of current-current form, or whatever lies
behind it



Nonleptonic enhancement

Certain NL transitions are more rapid than universality suggests

M(Ks — mtr™)~450 x (KT — 7770)

1=0,2 =2
Ag ~ 22 X Ay
1

|Al| = 5 rule; “octet dominance” (over 27)
Origin of this phenomenological rule is only partly understood.
Short-distance (perturbative) QCD corrections arise from

d a a
w g
S u u

...explain & v/enhancement
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A theory of leptons

J— Ve —
L—(e)L R_eR

weak hypercharges Y, = —1, Yg = -2
Gell-Mann—Nishijima connection, @ = Iz + %Y

SU(2)L ® U(1), gauge group = gauge fields:

@ weak isovector Bu' coupling g bf; = bﬁ - 5jkgajbl’j —(1/g)0,a*

@ weak isoscalar A, coupling g’/2 ‘Au — A, — (9,@‘

Field-strength tensors
F!, = 0,b, — 0,b,, + gejiebl, bl , SU(2),

fu =0, AL — 0, A, ,U(L)y
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Interaction Lagrangian

L= Cgauge + Cleptons

_ 1t o 1
Loauge = —SFLF — 1f, fi,

!
Lieptons = Rin" (@ + ig?.Au Y) R
— g/ —
Mass term Lo = —me(ereL + € er) = —me€e violates local gauge inv.

Theory: 4 massless gauge bosons (A, b} b7 b}); Nature: 1 (v)
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Massive Photon?  Hiding Symmetry

Recall miracles of superconductivity:
@ No resistance ... ...Meissner effect (exclusion of B)

Ginzburg-Landau Phenomenology (not a theory from first principles)

normal, resistive charge carriers ... ...+ superconducting charge carriers

T>Te T<Tg

Free Energy
Free Energy
Free Energy
F

Order Parameter | Order Parameter

Order Parameter |

B=0:  Guuper(0) = Guomal(0) + [ + 3 y*
T>Te: a>0 ([9)=0
T<T.: a<0 ([0 #0
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In a nonzero magnetic field . ..

Gsuper(B) = Gsuper(0) + B—2 + L
super — Usuper s > m*

* 2

iRV — %Aw

e* = —

N } of superconducting carriers
m

Weak, slowly varying field: ¢ =~y #0, Vi =0

Variational analysis ~»

A7re*2

2
A_
\ m*c2

[Yo|?A =0

wave equation of a massive photon

Photon — gauge boson — acquires mass
within superconductor

origin of Meissner effect

Neutrinos in Electroweak Theory



Meissner effect levitates Leon Lederman (Snowmass 2001)
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Hiding EW Symmetry

Higgs mechanism: relativistic generalization of Ginzburg-Landau
superconducting phase transition

@ Introduce a complex doublet of scalar fields

+
¢z<@2}0> Yy =+1

@ Add to £ (gauge-invariant) terms for interaction and propagation of
the scalars,

Lacatar = (D'9)1 (Do) — V(¢'9),

where D, = 8, + i§ A, Y + i£7 - b, and

V(61o) = 12(67¢) + |A| (¢79)?
@ Add a Yukawa interaction Lyykawa = —Ce [R(6'L) + (Lo)R]

Neutrinos in Electroweak Theory



@ Arrange self-interactions so vacuum corresponds to a
broken-symmetry solution: 12 < 0
Choose minimum energy (vacuum) state for vacuum expectation value

o= y0 ) v=y

Hides (breaks) SU(2), and U(1)y
but preserves U(1)em invariance

Invariance under G means €'Y (¢)g = (¢)o, s0 G(¢)g =0

o (2 )(fa) (7)o
—(° )( v/?ﬁ) :( —""é\/ﬁ);éo broken!
(1J _0 )(v/(i/ﬁ) :(_v(/’ﬁ);éo broken!

Y{(¢)o = Yy (d)o = +1{(p)o = ( V/(i@ ) #0 broken!
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Symmetry of laws % symmetry of outcomes

it

e

VA

) /(;I,,’lll
0y
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Examine electric charge operator @ on the (neutral) vacuum

Q(P)o = %73+Y)<¢>

_ (g) unbroken!

Four original generators are broken, electric charge is not

o SU(2)L ®U(1)y — U(1)em (will verify)
@ Expect massless photon
o Expect gauge bosons corresponding to

T1, T2, 2(13 — Y) = K to acquire masses
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